Objectives To identify metabolic factors controlling appetite and insulin sensitivity in PWS and assess effects of GH treatment. Methods We compared amino acids, fatty acids and acylcarnitines in GH-treated and untreated PWS children and obese and lean controls to identify biomarkers associated with ghrelin, peptide YY and markers of insulin sensitivity (adiponectin and HOMA-IR).
Introduction
Prader-Willi syndrome (PWS) is the most common genetic obesity disorder and results from lack of gene expression on paternally inherited chromosome 15q11Á2-q13. 1, 2 The hallmark features of PWS include neonatal hypotonia and failure to thrive in infancy followed by hyperphagia and obesity in early childhood. 3 This makes PWS a unique model for the study of appetite regulation. In addition to hyperphagia, patients with PWS have hypogonadism and short stature that are theorized to result from hypothalamic dysfunction. 3 However, the factors regulating appetite and satiety in PWS are poorly understood.
Relative to age-and BMI-matched obese controls, children and adults with PWS have elevated fasting levels of ghrelin, a hormone synthesized primarily by the enteroendocrine cells of the stomach. Ghrelin circulates as acylated and desacylated forms; limited evidence suggests increases in both the acyl and desacyl forms of the hormone in children and adults with PWS. 4, 5 Acylated ghrelin promotes food intake in humans 6 and fat deposition and weight gain in experimental animals. 7 The orexigenic effects of ghrelin may be opposed by peptide YY, an anorexigenic hormone secreted by the L cells of the gastrointestinal tract in response to feeding. 8 Total and acyl ghrelin levels in healthy subjects fall after food intake and weight gain and rise after weight loss 9 ; the hyperghrelinaemia of overweight PWS patients therefore seems paradoxical. Through binding to the pituitary growth hormone secretagogue receptor (GHS-R), acyl ghrelin also stimulates GH secretion in normal weight children and adults under fasting conditions. 10 The effects of ghrelin on GH secretion in obese patients are less clear. 10 Ghrelin-depen-dent GH secretion promotes hepatic gluconeogenesis and plays a central role in the defence against hypoglycaemia in states of nutrient deprivation. 11, 12 The aetiology of hyperghrelinaemia in PWS remains unclear, but at least some affected children are hyperghrelinaemic prior to the accretion of fat mass. 4, [13] [14] [15] Fasting insulin levels and HOMA-IR are lower and adiponectin levels higher in children with PWS than in age-and gendermatched obese controls. 4, 16 HOMA-IR 17 is a measure of hepatic insulin sensitivity equal to the product of fasting blood glucose (mg/dl) and insulin (lU/ml) divided by 405. While the hypoinsulinaemia, decreased HOMA-IR and hyperadiponectinaemia in PWS suggest heightened insulin sensitivity, the relative hyperghrelinaemia in PWS may contribute to hyperphagia. Nevertheless, the regulation of insulin, adiponectin and ghrelin in PWS is poorly understood.
To identify metabolic determinants of adiponectin and ghrelin in PWS, we conducted a systematic study of plasma amino acids, fatty acids, and amino acid and fatty acid metabolites in GHtreated and untreated PWS children and BMI-matched obese and lean controls. We focused on amino acid and fatty acid metabolites because previous studies showed roles for BCAA in the regulation of insulin sensitivity and food intake in obese adults and adolescents. 18, 19 We hypothesized that metabolic profiles in patients with PWS might account for their relative hyperghrelinaemia, hyperphagia and increased insulin sensitivity.
Methods and procedures

Subjects
Fourteen children with genetically confirmed PWS and normal glucose tolerance were enrolled. Healthy controls were recruited from local community paediatricians and the obesity-and insulin-resistant clinics at Duke University Medical Center. Controls included 14 healthy children with BMI>95th percentile for age and gender (obese controls, OC) and 14 children of normal weight (lean controls, LC) of comparable age and gender. Nine PWS subjects (5 males and 4 females) were taking GH (mean 0Á02 mg/kg/day) during the study. The study was approved by the Duke IRB. A parent of each child gave written informed consent; when appropriate, each child provided assent before enrolment.
Blood sample collection and processing
Blood samples were collected between 7:30 and 10:00 am after an observed 12-h overnight fast. Samples in EDTA-treated and serum-separator tubes were immediately treated with Aprotinin, 500 KIU/ml [Roche, Indianapolis, IN, USA]. Serum and plasma were separated by centrifugation (1500 g); all samples were aliquoted and stored at À70°C until assayed.
Plasma acylcarnitines and amino acids
Proteins were removed by precipitation with methanol. The aliquoted supernatants were dried and esterified with hot, acidic methanol (acylcarnitines) or n-butanol (amino acids). Acylcarnitines and amino acids were analysed by tandem mass spectrometry using stable isotope-labelled internal standards as previously described.
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Free fatty acids Individual free fatty acids were methylated with iodomethane, partially purified via solid-phase extraction and measured by gas chromatography/mass spectrometry. 18, 20 Conventional metabolite analysis Plasma glucose and total free fatty acids (Roche Diagnostics, Indianapolis, IN, USA) were measured on a Hitachi 911 clinical analyzer.
Measurement of ghrelin, insulin, adiponectin, leptin and PYY
Plasma insulin concentrations were measured in all groups with a two-site IRMA method. 13 The intra-assay and interassay CV were 3-5% and 5-7%. The normal range was 0-69Á5 pmol/l. Total and HMW adiponectin levels were measured by enzyme immunoassay (Alpco Diagnostics, Salem, NH, USA). The intraassay CV was 5% for total and HMW adiponectin. The interassay CV was 5% for total adiponectin and 6% for HMW adiponectin. The sensitivity was 0Á075 ng/ml. Plasma ghrelin was measured with a commercial RIA (Phoenix Pharmaceuticals, Belmont, CA, USA). The intra-assay and interassay coefficients of variation (CV) were 7% and 10%, respectively. The lower and upper limits of detection for this assay were 24 and 1516 pmol/l. Plasma leptin levels were determined using an RIA from Linco (St. Charles, MO, USA) with detection limit 0Á5 ng/ml and intra-assay and interassay CV 2 and 5%, respectively. Plasma total PYY was measured by RIA (Linco); intra-assay and interassay CV were 3-9% and 5-8%, respectively.
Statistical analysis
The outcome variables among the PWS, OC and LC groups were compared using analysis of variance, nonparametric Mann-Whitney and Kruskal-Wallis tests. Correlations between ghrelin, adiponectin and BMI-z, HOMA-IR, plasma amino acids, and fatty acid metabolites were determined by Spearman rank order correlation. All statistical analyses were performed using GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, USA) and SigmaPlot software (Systat Software, Inc., Chicago, IL, USA).
Results
Characteristics of the study participants are shown in Table 1 . The mean age of the PWS girls was less than that of the boys and girls in the other groups, but the difference was not statisti-cally significant. BMI z-scores were comparable between PWS and OC groups.
Baseline fasting insulin, ghrelin, adiponectin and PYY Despite comparable BMI z-scores, the cohort of PWS subjects had lower fasting insulin levels and HOMA-IR and higher fasting ghrelin, adiponectin (total and HMW) and peptide YY (PYY) than OC ( Table 1 ). The ratio of ghrelin/PYY was higher in PWS than in OC. The fasting insulin, HOMA-IR, and total and high molecular weight (HMW) adiponectin levels in PWS were comparable to those in LC (Table 1) , while leptin levels were markedly higher. Ghrelin was not measured in the LC cohort in this study, but has previously been reported in another group of lean children. 13 
Effects of gender on baseline characteristics
Important sex-dependent anthropometric and metabolic differences may be obscured when data from males and females are analysed collectively. 19 Table 2 shows auxologic and hormonal data analysed separately in males and females. Relative hyperghrelinaemia was noted in both PWS males (P = 0Á049) and females (P = 0Á002), but was more striking in PWS females 
n/a n/a n/a n/a n/a n/a 810Á6 AE 315Á6 287Á6 AE 64Á9 0Á001 Ghrelin (pg/ml) 1435 AE 383Á0 862Á2 AE 233Á3 n/a 0Á0003 n/a n/a 1478 AE 464Á9 1355 AE 179Á7 0Á52 Total Adiponectin (ng/ml) 
Serum ghrelin was not measured in LC. Data are means AE SD unless otherwise noted. n/a indicates data not available. NS indicates not statistically significant. Values in bold indicated P < 0Á05. Table 2 . Auxologic and metabolic parameters segregated by gender. Serum ghrelin was not measured in LC
1529 AE 467Á7 § 1382 AE 346Á8** 753Á0 AE 137Á7 1008 AE 265Á2 n/a n/a Adiponectin (ng/ml) 16 
Data are means AE SD unless otherwise noted. n/a indicates data not available. P < 0Á05 for †OC females vs OC males; ‡LC females vs LC males; §PWS females vs OC females; ¶PWS females vs LC females; **PWS males vs OC males; † †PWS males vs LC males.
than PWS males. Ghrelin levels were twofold higher in PWS females than OC females, but only 37% higher in PWS males than OC males. There were no gender differences in the levels of PYY among PWS males and females or OC males and females. Fasting insulin levels and HOMA-IR were lower (P = 0Á002) and total and HMW adiponectin levels higher (P = 0Á002) in PWS females than OC females and were comparable to those in LC females. In contrast, fasting insulin and HOMA-IR in PWS males were comparable to those in OC males. Total and HMW adiponectin levels in PWS males were highly variable and did not differ significantly from those in OC or LC males. Leptin levels in female LC and OC were higher than those in LC and OC males. In contrast, leptin levels were similar in PWS females and males. Consequently, leptin levels were significantly higher in PWS males than LC males.
Plasma amino acids in PWS, OC, LC
Plasma amino acids were analysed by group (PWS, OC and LC) and gender. The levels of glycine, histine, serine, Asx (aspartate/asparagine), citrulline and arginine were lower in OC than in LC, while the levels of tyrosine (Tyr) and Glx (glutamate/glutamine) were higher (Table 3) . Tyr levels in PWS were lower than those in OC and comparable to those in LC; Glx levels in PWS were also lower than those in OC, but higher than those in LC.
To determine whether amino acid levels in the various cohorts vary according to gender, we analysed plasma amino acids separately in males and females. Table 4 demonstrates significant and differential gender effects on the levels of the BCAA Leu/Ile and Val in the three cohorts. The levels of Leu/Ile were higher in LC males than in LC females. However, levels of Leu/Ile were higher in OC females than in LC females and were comparable to those in OC males. Interestingly, the levels in Leu/Ile in PWS females were comparable to those in LC females and lower than those in OC females. Likewise, Val levels in PWS females were lower than those in PWS males.
In contrast to Leu/Ile, the levels of Glx were lower in both PWS males and females than in OC males and females. Glx levels in PWS were comparable to those in LC males, while Glx levels in PWS females were higher than those in LC females.
Tyr levels in the PWS cohort were lower than those in OC and LC (Table 3 ). This reflects the low levels of Tyr in PWS females, but not males (Table 4) . Alanine, methionine, proline and arginine levels were also lower in PWS females than OC and LC females.
Free fatty acids
The levels of various free fatty acids in PWS were compared to those in OC and LC (Supplemental Table 1 ). Most striking were the high levels of C16:1 palmitoleic acid in PWS and of C18:3 alpha-linolenic acid in PWS and OC. Relative to LC, PWS also had higher levels of myristic, palmitic and linoleic acids, while OC had higher arachidonic acid levels. However, there were no significant differences between the PWS and OC groups in levels of any free fatty acids. Interestingly, unlike the levels of BCAA, the levels of fatty acids in PWS did not vary in either a gender-dependent (Table S2) or GH-dependent manner (Table S3) .
Acylcarnitines
By-products of BCAA (and methionine) catabolism include propionyl-L-carnitine (C3) and valeryl-L-carnitine (C5); in contrast, acetylcarnitine (C2) is an end-product of fatty acid oxidation. Relative to LC, OC had lower levels of C2 (acetyl) carnitine (Table S4 ). In contrast, C2 levels in PWS were comparable to those in LC. C2 levels in PWS appeared to be independent of gender or GH therapy (Tables S5 and S6 ).
There were no significant differences in C3 or C5 acylcarnitines among the groups, but the ratio of the sum of C3 + C5 to the sum of acylcarnitines was higher in PWS and OC than LC. This ratio was selectively higher in PWS males and OC males and was not influenced by GH treatment (Tables S5 and S6) . Collectively, these findings may suggest lower rates of complete fatty acid oxidation in OC, preservation of complete fatty oxidation in PWS, and increased rates of BCAA and methionine catabolism in PWS and OC relative to LC.
Effect of GH treatment on auxologic parameters, hormones and adipocytokines
Nine of 14 PWS subjects were treated with GH. A comparison of GH-treated and untreated PWS subjects is shown in Table 1 . PWS subjects treated with GH (5 males and 4 females) were younger in age (mean 9Á11 vs 14Á0 years) than untreated PWS subjects (4 males and 1 female) and had lower BMI-z. However, fasting glucose, insulin, HOMA-IR, ghrelin and PYY were comparable. These findings suggest that the relative hypoinsulinaemia, hyperghrelinaemia, elevated PYY and increased ghrelin/ PYY do not result from GH treatment. There was considerable variability in the total adiponectin levels in both the GH-treated and untreated patients. While the GH-treated had higher mean adiponectin levels, the difference was not statistically significant. On the other hand, PWS subjects treated with GH had increased levels of HMW adiponectin (P = 0Á04). IGF-1 levels were higher (P = 0Á001), and leptin levels were lower in GH-treated subjects (P = 0Á002).
Effects of GH on plasma amino acids
We considered the possibility that differences in amino acid levels in PWS might be related to GH therapy. PWS children treated with GH (5 males and 4 females) had lower levels of Tyr (P = 0Á009) and Met (P = 0Á009) than untreated PWS (2 males and 1 female) ( Table 3 ). Table 5 demonstrates that the levels of BCAA (P = 0Á016) and Tyr (P = 0Á032) were lower in GH-treated PWS females (n = 4) than in GH-treated PWS males (n = 5). These findings suggest that GH may exert differential effects on amino acids in male and female patients with PWS; alternatively, the sex differences in amino acids may be independent of GH therapy.
Auxologic and metabolic correlates of ghrelin and adiponectin
In PWS subjects, ghrelin correlated inversely with BMI-z (r = À0Á59, P = 0Á027), HOMA-IR (r = À0Á55, P = 0Á042), and the levels of Leu/Ile and Val (r = À0Á629, P = 0Á028 and r = À0Á629, P = 0Á028, respectively). In OCs, ghrelin correlated inversely with BMIz (r = À0Á59, P = 0Á029) and HOMA-IR (À0Á53, P = 0Á049), but not with Leu/Ile or Val (r = À0Á32, P = 0Á266 and r = 0Á12, P = 0Á673, respectively, Table S7 , Fig. 1 ). Adiponectin correlated negatively with Leu/Ile and Val in OC (r = À0Á62, P = 0Á017); r = À0Á50, P = 0Á06, respectively); in contrast, adiponectin correlated inversely with BMIz and HOMA-IR in PWS (r = À0Á61, P = 0Á019 and r = À0Á78, P = 0Á0009, respectively, Table S7, Fig. 1 ). The inverse correlation between adiponectin and HOMA-IR in PWS was strengthened by natural log transformation of the data (Fig. 1f) . The most powerful determinants of ghrelin in PWS were the levels of BCAA, while the most powerful determinants of ghrelin in 
Values are means AE SD. P < 0Á05 for *PWS females vs PWS males; †OC females vs OC males; ‡LC females vs LC males; §PWS females vs OC females; ¶PWS females vs LC females; † †PWS males vs LC males. Values in bold indicated P < 0Á05.
OC were BMIz and HOMA-IR. Conversely, the strongest determinants of adiponectin in PWS were BMIz and HOMA-IR, but the strongest determinants of adiponectin in OC were the levels of Leu/Ile and Val (Table S7) .
Discussion
'Exogenous' obesity is associated with hypoghrelinaemia, hypoadiponectinaemia, insulin resistance and compensatory hyperinsulinaemia. In contrast, PWS combines hyperghrelinaemia, hyperphagia and obesity with relative hyperadiponectinaemia and hypoinsulinaemia. The factors accounting for the metabolic differences between patients with PWS and exogenous obesity are unclear. Here, we report striking differences in amino acids, fatty acids, and amino acid and fatty acid metabolites among male and female PWS and OC children and differential regulation of ghrelin and adiponectin by BMIz, HOMA-IR and the BCAA. We speculate that these metabolic differences may reflect, or contribute to, the relative hyperghrelinaemia, hyperadiponectinaemia and hypoinsulinaemia of PWS and may therefore play roles in the development and/or progression of hyperphagia and weight gain and the maintenance of insulin sensitivity. Numerous studies from our group and others find that fasting ghrelin levels in PWS are higher than those in age-and BMImatched OC. 4, 13, 14, 21 In contrast, the relative levels of PYY in PWS are more variable. 16, 21, 22 We found that fasting PYY levels are mildly elevated in PWS; however, the fasting ratio of ghrelin/ PYY, which may be considered a marker of orexigenic drive, is also high. This is primarily driven by the higher levels of ghrelin in PWS. Interestingly, while ghrelin and PYY levels were comparable in PWS males and females, the relative hypoinsulinaemia and hyperadiponectinaemia of PWS are more characteristic of females than males. Likewise, Leu/Ile, Val, Tyr, Met, Ala, Glx and Arg levels are lower in PWS females than either PWS males or OC females and (with the exception of Glx) are comparable to those in LC females. In contrast, the levels of BCAA and various other amino acids in PWS males are comparable to those in OC males; the major exception is Glx, which is lower in PWS males than in OC males. In a previous investigation, 19 we found that BCAA levels in healthy obese adolescent males were higher than in obese adolescent females. The teenagers were older in that study (mean age 14 year) than in the current study and their BCAA levels were significantly higher. In the current study, BCAA levels are higher in LC males than LC females. Our study shows that the sex differences in BCAA levels observed in LC are abolished in 'exogenous' obesity, but preserved in children with PWS. Interestingly, the levels of fatty acids and acylcarnitines do not differ significantly between PWS boys and girls. Factors that may contribute to these variable sex-dependent metabolic differences among PWS, 
Values are means AE SD. Values in bold indicated P < 0Á05. OC and LC children are unclear but could include variations in sex steroid and GH production, fat distribution, lean body mass and/or autonomic function. 19, [23] [24] [25] In particular, the effects of differential fat distribution may be a determining factor in the unique metabolic profile of PWS. Prior studies have shown that visceral fat stores are lower in PWS females than in OC females; the reduction in visceral fat is associated with lower levels of insulin and HOMA-IR. In contrast, subcutaneous fat stores in PWS females are comparable to those in OC females. 25 It should be noted the PWS females were younger than PWS males. Previous studies showed that HOMA-IR levels in normal weight prepubertal children are lower than those in older children 26 ; therefore, age or pubertal development may have impacted our results. In theory, the metabolic differences between PWS and OC may reflect, or may contribute to, the development or progression of, certain clinical features of PWS. For example, the major determinants of fasting ghrelin in PWS were the levels of BCAAs, while the most powerful determinants of ghrelin in OC were BMIz and HOMA-IR. Conversely, the strongest determinants of adiponectin in PWS were BMIz and HOMA-IR, but the strongest determinants of adiponectin in OC were the levels of Leu/Ile and Val. As leucine administration decreases food intake in rodents and humans, 27, 28 we speculate that low levels of BCAA in PWS females may promote or facilitate their hyperghrelinaemia and hyperphagia. Low levels of leucine might also reduce mTOR signalling and thereby increase insulin sensitivity, particularly in PWS females. 29 The relative insulin hypersensitivity of PWS may also be maintained by high levels of adiponectin, which increases hepatic insulin sensitivity and fatty acid oxidation. 16, 24, 25 This may explain why C2 (acetyl) carnitine levels in PWS are comparable to those in LC and higher than those in OC. An increase in the ratio of [C3 + C5] to sum of acylcarnitines might be a marker for proteolysis and/or amino acid catabolism in PWS males, predisposing to sarcopenia. A previous investigation showed lower levels of glutamine and higher levels of glutamic acid in PWS relative to obese controls, but no differences in the levels of BCAA or Tyr. 30 However, that study did not analyse the role of gender and was conducted in young adults prior to the advent of growth hormone therapy. While the effects of GH on growth and body composition in PWS are well-established, 31, 32 the effects of the hormone on metabolic function have not been studied extensively. Here, we show that the levels of hormones and metabolites in PWS children are modulated by GH therapy. We found that GH treatment was associated with lower BMI Z-score, lower leptin, higher IGF-1 and higher levels of HMW adiponectin (P = 0Á04). These findings are consistent with studies showing that GH increases linear growth and reduces body fat stores in PWS. 33, 34 A reduction in body fat stores, reflected in the fall in leptin levels, may explain in part the increases in HMW adiponectin observed in GH-treated subjects. 16, 35 On the other hand, GH treatment of PWS patients had no effect on fasting insulin, ghrelin, PYY, free fatty acids or acylcarnitines. The levels of Leu/Ile, Val and Tyr were lower in GH-treated PWS females than in GH-treated PWS males. Interestingly, a previous investigation showed that acute administration of GH to healthy young men reduced plasma Tyr, Ile and Val levels during a 7-h infusion period. 36 GH therapy may selectively reduce the levels of BCAA and Tyr in PWS girls; alternatively, low BCAA and Tyr levels may be characteristic of PWS females and independent of GH treatment. Limitations of our study include multiple comparisons of crosssectional data collected at a single point in time and analysis of total ghrelin rather than active and desacyl ghrelin. Our study included a small number of subjects treated with GH, possibly limiting our ability to assess adequately the effects of GH on metabolic function. Moreover, the roles of dietary intake and macronutrient preference on metabolic function were not explored. Despite these limitations, our study compared a relatively large cohort (for a rare genetic disorder) of children with PWS with comparable groups of OC and LC.
Despite the relative insulin sensitivity of PWS subjects, their morbid obesity places them at risk of metabolic sequelae including type 2 diabetes. 25 Future work on adiponectin analogues or other therapies aimed at upregulation of adiponectin receptors may prove clinically useful in limiting the metabolic sequelae of obesity, including insulin resistance, type 2 diabetes and metabolic syndrome.
